
Physiological Reports. 2021;9:e14729.	﻿	     |  1 of 6
https://doi.org/10.14814/phy2.14729

wileyonlinelibrary.com/journal/phy2

Received: 12 November 2020  |  Revised: 17 December 2020  |  Accepted: 20 December 2020

DOI: 10.14814/phy2.14729  

O R I G I N A L  R E S E A R C H

The association between lactate and muscle aerobic substrate 
oxidation: Is lactate an early marker for metabolic disease in 
healthy subjects?

Nicholas T. Broskey1,2,3   |   Walter J. Pories4,3  |   Terry E. Jones5,3  |   Charles J. Tanner1,2,3  |   
Donghai Zheng1,2,3  |   Ronald N. Cortright1,2,3  |   Zhen W. Yang1,2  |   Nkaujyi Khang1,2  |   
Josh Yang6  |   Joseph A. Houmard1,2,3  |   G. Lynis Dohm6,3

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original 
work is properly cited.
© 2021 The Authors. Physiological Reports published by Wiley Periodicals LLC on behalf of The Physiological Society and the American Physiological Society

1Department of Kinesiology, East 
Carolina University, Greenville, North 
Carolina, USA
2Department of Human Performance 
Laboratory, East Carolina University, 
Greenville, North Carolina, USA
3Department of Diabetes, Obesity 
Institute, East Carolina University, 
Greenville, North Carolina, USA
4Department of Surgery, East Carolina 
University, Greenville, North Carolina, 
USA
5Department of Physical Therapy, East 
Carolina University, Greenville, North 
Carolina, USA
6Department of Physiology, East Carolina 
University, Greenville, North Carolina, 
USA

Correspondence
Nicholas T. Broskey, Department of 
Kinesiology, College of Health and 
Human Performance, East Carolina 
Diabetes and Obesity Institute, East 
Carolina University, Greenville, NC 
27834, USA.
Email: broskeyn19@ecu.edu

Funding information
This grant is funded by NIH DK56112 
(JAH) and DK120296 (JAH and GLD).

Abstract
Fasting plasma lactate concentrations are elevated in individuals with metabolic dis-
ease. The aim of this study was to determine if the variance in fasting lactate con-
centrations were associated with factors linked with cardiometabolic health even in 
a young, lean cohort. Young (age 22 ± 0.5; N = 30) lean (BMI (22.4 ± 0.4 kg/m2) 
women were assessed for waist-to-hip ratio, aerobic capacity (VO2peak), skeletal 
muscle oxidative capacity (near infrared spectroscopy; fat oxidation from muscle bi-
opsies), and fasting glucose and insulin (HOMA-IR). Subjects had a mean fasting 
lactate of 0.9 ± 0.1 mmol/L. The rate of deoxygenation of hemoglobin/myoglobin 
(R2 = .23, p = .03) in resting muscle and skeletal muscle homogenate fatty acid oxi-
dation (R2 = .72, p = .004) were inversely associated with fasting lactate. Likewise, 
cardiorespiratory fitness (time to exhaustion during the VO2peak test) was inversely 
associated with lactate (R2 = .20, p = .05). Lactate concentration was inversely cor-
related with HDL:LDL (R2 = .57, p = .02) and positively correlated with the waist 
to hip ratio (R2 = .52, p = .02). Plasma lactate was associated with various indices 
of cardiometabolic health. Thus, early determination of fasting lactate concentration 
could become a common biomarker used for identifying individuals at early risk for 
metabolic diseases.
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1  |   INTRODUCTION

Elevated fasting plasma lactate concentrations are evident 
in individuals with metabolic diseases such as obesity, 

insulin resistance, type 2 diabetes, hypertension, cardio-
vascular disease, and dyslipidemia (Andersen et al., 2013; 
Crawford et al., 2010; Lazzeri et al., 2015; Lovejoy et al., 
1992; Watanabe et al., 1995). We have previously shown 
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that lactate is indeed elevated in individuals with obesity 
and was subsequently reduced after 6-months of endur-
ance training concomitant with reductions in the risk for 
cardiovascular and metabolic disease (Jones et al., 2019). 
Weight loss has also been demonstrated to decrease fast-
ing lactate concentrations and improve metabolic health 
(Chondronikola et al., 2018). Additionally, in a large co-
hort it was shown that lactate was the most powerful pre-
dictor of incident type 2 diabetes (T2D) (Juraschek et al., 
2015). The same group conducted a follow-up study over 
a 12-year period in 8,045 subjects and confirmed that el-
evated fasting lactate preceded type 2 diabetes (Juraschek 
et al., 2013). All of these studies have led to the conclusion 
that elevated plasma lactate can serve heath care provid-
ers as an early biomarker for predicting metabolic disease. 
However, the variance in fasting lactate concentrations and 
relationship to risk factors in a relatively healthy cohort has 
not been determined.

In terms of risk factors, alterations in skeletal muscle sub-
strate utilization are apparent in individuals with metabolic 
diseases. We have demonstrated that the capacity for sub-
strate oxidation is depressed in the skeletal muscle of indi-
viduals with severe obesity (Houmard et al., 2011). Similarly, 
decrements in mitochondrial function have been reported in 
the skeletal muscle of individuals with T2D (Kelley et al., 
2002). A deficit in muscle oxidative capacity may also be 
predictive of future disease in other groups, as children born 
from mothers with severe obesity preferentially oxidized car-
bohydrate rather than fat during submaximal exercise (Eaves 
et al., 2012), while the skeletal muscle of offspring of individ-
uals with T2D display impaired mitochondrial substrate uti-
lization (Befroy et al., 2007). We have reported that primary 
myotubes from individuals with severe obesity displayed a 
depressed ability for fat and glucose oxidation which parti-
tioned glucose toward glycolytic end products such as lactate 
(Houmard et al., 2011; Zou et al., 2018). However, it is not 
evident if a relationship between indices of muscle oxidative 
capacity and fasting lactate exist, which may in-turn provide 
a mechanistic basis for the predictive ability of lactate con-
centration and metabolic disease(s). Thus, the purpose of this 
study was to determine if fasting plasma lactate was related to 
indicators of muscle oxidative capacity and other indices of 
cardiometabolic health in a young, healthy cohort and hence, 
establish a mechanistic foundation for early elevations in 
plasma lactate preceding metabolic disease(s).

2  |   METHODS

2.1  |  Subjects

Qualified participants reported to the Human Performance 
Lab building at East Carolina University (ECU). The study 

was approved by the Institutional Review Board at ECU and 
all participants provided written informed consent before 
participation.

Subjects were all non-pregnant women who classified 
as non-smokers and had no known cardiovascular or met-
abolic diseases. One subset of the subjects (n  =  21) was 
tested for VO2peak and resting muscle oxygen consumption 
by near infrared spectroscopy. A second subset of subjects 
(n = 10) had measurement of waist and hip circumference, 
a muscle biopsy (all but one subject) for measurement 
of fatty acid oxidation and venipuncture with analysis of 
plasma lipids.

2.2  |  Blood metabolites

Prior to the visit, subjects fasted, which consisted of refrain-
ing from any, food, stimulants (caffeine, nicotine, stimulant 
medication, etc.), and alcohol for at least 10–12 hr. Subjects 
also refrained from exercise for 3 days prior. Weight (kg) and 
height (m) were obtained to calculate BMI (kg/m2). A ve-
nous blood sample was obtained and subsequently analyzed 
(Beckman-Coulter) for fasting glucose, insulin, lactate, and 
blood lipids.

2.3  |  Cardiorespiratory fitness

Maximal peak oxygen consumption (VO2 peak) was deter-
mined with a graded cycle exercise protocol to voluntary 
exhaustion. Oxygen consumption was determined with the 
True One 2400 metabolic cart (Parvo Medics) and work-
load increased in 3 min stages. At the end of each stage, a 
rating of perceived exertion (RPE; Borg Scale) and heart 
rate (Polar Electro) were recorded. Subjects progressed 
until maximum effort was achieved or revolutions fell to 
<40 rpm. All subjects obtained at least 2 of the following 
criteria: (1) respiratory exchange ratio of 1.10, (2) RPE 
above 17, and (3) peak heart rate within ±5% of max heart 
rate. Time to exhaustion was reported as the total time from 
the start of the exercise test until the subject reached maxi-
mal effort.

2.4  |  Near infrared spectroscopy (NIRS)

NIRS is a non-invasive method of assessing in vivo mito-
chondrial respiratory capacity and was measured as de-
scribed previously (Ryan et al., 2014). In short, a cuff around 
the upper leg was inflated and deoxygenation of hemoglobin/
myoglobin in the quadriceps was determined. Subsequently, 
isometric contraction of the quadriceps was performed for 
15–20 s, followed by inflation of the cuff (300 mm Hg) for 
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5 min to determine total deoxygenated hemoglobin. Percent-
deoxygenated hemoglobin was then calculated by taking rate 
of deoxygenated hemoglobin divided by the total deoxygen-
ated hemoglobin (µmol/min).

2.5  |  Muscle fatty acid oxidation

Skeletal muscle samples were acquired from percutaneous 
needle biopsies of the vastus lateralis muscle as described 
(Evans et al., 1982). Subjects were studied between 07:00 and 
08:00 after a 12-hr overnight fast. Subjects were instructed to 
consume their usual diet and perform normal daily activities 
for 3 days before the biopsy. Muscle fatty acid (14C-labeled 
palmitate) oxidation rate was determined in the fresh muscle 
homogenate as described (Kim et al., 2000).

2.6  |  Statistical analysis

Data were tested for normality via the Shapiro–Wilks test. 
Pearson product-moment correlations were used to meas-
ure the strength of the association between the variables of 
plasma lactate and metabolic parameters. Statistical signifi-
cance was determined as p ≤  .05. Statistical analyses were 
performed using Prism 4.0 software (GraphPad Software, 
Inc.). Multiple regression analyses were performed using 
JMP®, Version 14 (SAS Institute Inc.).

3  |   RESULTS

All women were young (23 ± 0.5 years) and of normal BMI 
(22.4  ±  0.4  kg/m2). Average fasting plasma lactate was 
0.9 ± 0.1 mmol/L. The cohort was also insulin sensitive as 
classified by HOMA-IR (1.1 ± 0.1) with fasting glucose val-
ues of 88.1 ± 1.0 mg/dL and insulin 4.8 ± 0.4 µIU/ml. Blood 
cholesterol (194.2 ± 14.9 mg/dl), HDL (68.4 ± 5.8 mg/dl), 
and triglycerides (89.9 ± 14.6 mg/dl) were all in the normal 
ranges. Mean LDL was somewhat elevated with an average 
of 107.9 ± 13.0 mg/dl. Relative VO2 peak was 30.2 ± 1.0 ml/
kg/min.

The rates of resting muscle deoxygenation of hemoglobin/
myoglobin (R2 = .23, p = .03) and skeletal muscle fatty acid 
oxidation (R2 = .72, p = .004) were inversely associated with 
fasting lactate (Figure 1, Panels a and b). Time till exhaustion 
during the VO2 peak test (Figure 1, Panel c) was inversely 
associated with lactate (R2 = .20, p = .05). Lactate was pos-
itively correlated with waist:hip ratio (R2  =  .52, p  =  .02) 
and inversely correlated with HDL:LDL (R2 = .57, p = .02) 
(Figure 2 Panels a and b). There were no statistically signifi-
cant correlations of lactate with the other variables obtained 
(VO2peak: R2  =  .06, p  =  .31, BMI: R2  =  .0002, p  =  .98, 
fasting glucose: R2 = .07, p = .15, fasting insulin: R2 = .08, 
p =  .13, HOMA-IR: R2 =  .09, p = 0.11, data not shown). 
Lactate was regressed in a model with parameters of mus-
cle aerobic capacity including time to exhaustion, the rate of 
deoxygenated hemoglobin, and VO2 peak. This model was 

F I G U R E  1   Correlations between skeletal muscle oxidative capacity and fasting plasma lactate. Panel a: Rate of deoxygenated hemoglobin as 
measured by near infrared spectroscopy. Percent-deoxy Hb (deoxy rate %) was calculated by taking rate of deoxy Hb dividing the total deoxy Hb 
(µmol/min). Panel b: Skeletal muscle fatty acid oxidation rate in muscle homogenates acquired via vastus lateralis biopsy. Panel c: Time in seconds 
to exhaustion during a peak aerobic capacity treadmill test

0.4 0.6 0.8 1.0 1.2 1.4 1.6
0

200

400

600

Lactate (mmol/L)

H
om

FA
O
(n
m
/g
tis
su
e/
hr
)

0.0 0.5 1.0 1.5
0

20

40

60

80

Lactate (mmol/L)

D
eo
xy
R
at
e
(%
)

0.0 0.5 1.0 1.5
300

400

500

600

700

800

Lactate (mmol/L)

Ti
m
e
(s
ec
on
ds
)

(a)

(c)

(b)



4 of 6  |      BROSKEY et al.

significant (p = .02) and explained approximately 46% of the 
variance in fasting lactate. Time to exhaustion and the rate of 
deoxygenated hemoglobin were both significant in the model 
(both p = .02); however, VO2 peak was not (p = .40).

4  |   DISCUSSION

Elevated fasting plasma lactate concentrations are evident 
in cardiometabolic disease (Andersen et al., 2013; Crawford 
et al., 2010; Jones et al., 2019; Lazzeri et al., 2015; Lovejoy 
et al., 1992; Watanabe et al., 1995). Herein, we show that 
fasting plasma lactate concentration is related to various indi-
ces of cardiometabolic health such that those individuals with 
higher concentrations of lactate display a lower mitochon-
drial capacity and fatty acid oxidation in skeletal muscle.

The intriguing finding of this study was the inverse relation-
ship between indices of muscle oxidative capacity and fasting 
lactate. The relationship between NIRS and lactate was of par-
ticular interest as it has been shown that NIRS can serve as an 
in vivo marker of mitochondrial capacity (Ryan et al., 2014). 
Recently, NIRS has been shown to correlate with aerobic fit-
ness (Beever et al., 2020) although we saw no relationship with 
VO2 peak and lactate in our cohort. However, exercise time to 
exhaustion was negatively related with fasting plasma lactate 
concentration and was significant in our regression model. This 
coupled with a lower in vivo oxidative capacity may place these 
individuals at risk for subsequent metabolic disease. The ca-
pacity for mitochondrial substrate oxidation is depressed in the 
skeletal muscle of subjects with metabolic disease (Houmard 
et al., 2011; Kelley et al., 2002). These deficits may also be 
predictive, as children born from mothers with severe obesity 
preferentially oxidized carbohydrate rather than fat during sub-
maximal exercise (Eaves et al., 2012), while skeletal muscle of 
offspring of individuals with T2D have lower mitochondrial ca-
pacity (Petersen et al., 2004) and impaired substrate utilization 
(Befroy et al., 2007) compared to those offspring born from 
parents without. This is particularly relevant to the findings in 
the present study as these individuals are otherwise young and 
healthy with no underlying metabolic impairments that would 
prelude them to metabolic disease yet, similar to our cohort.

There was also an inverse relationship between skel-
etal muscle fatty acid oxidation and elevated lactate. Fatty 
acid oxidation was depressed with a compensatory increase 
in glycolysis in muscle from subjects with severe obesity 
(Friedman et al., 1994). Lactate can be transported between 
muscle and liver to make glucose through the Cori Cycle. 
If this process is accentuated at rest, elevations in fasting 
blood glucose will occur that may elude to increased risk 
of glucose intolerance and eventually insulin resistance. We 
have termed this physiological phenomenon as the “Vicious 
Cori Cycle”, which could be responsible for elevated glu-
cose in the fasted condition that leads to metabolic disease 
(Broskey et al., 2020; Pories & Dohm, 2012). The notion of 
the Vicious Cori Cycle may stem from an initial lesion in the 
TCA cycle as described in detail elsewhere (Broskey et al., 
2020). This is noted in the presence of a low mitochondrial 
oxidative capacity, which has been associated with dysfunc-
tion of the TCA Cycle observed in the obese state (Boyle 
et al., 2012; Holloway et al., 2009; Houmard et al., 2011; 
Kelley et al., 1993). Evidence suggests that the TCA Cycle 
has been mechanistically altered, which results in a shift from 
oxidative utilization away from carbohydrates and lipids/
fatty acids toward glycolysis (Boyle et al., 2012; Kelley et al., 
1993). Thus, these current data along with our previous work 
suggest that the elevated lactate may be due to impairments 
in whole-body aerobic capacity and skeletal muscle oxidative 
capacity as one proposed mechanism.

Our study is not without limitations. The cohort that we 
studied consists of all women and these results may not be ap-
plicable to men. We did not collect data on the timing of the 
menstrual cycle of these women. However, we do have data 
from the nine women showing that fasting lactate is stable over 
the entire period of the menstrual cycle (data not shown). We 
saw no association between HOMA-IR and lactate in our co-
hort, which may prelude that glucose tolerance and/or insulin 
resistance is disassociated with elevated lactate at this stage in 
young healthy individuals. Individuals with larger lactate vari-
ations (e.g. overweight BMI) prior to developing metabolic 
diseases could help further disentangle these other relation-
ships. Finally, we acknowledge that our sample size is small 
regarding skeletal muscle outcomes. However, the relationship 

F I G U R E  2   Correlations between parameters associated with metabolic syndrome and fasting plasma lactate
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with lactate and fatty acid oxidation is strong and the use of 
the powerful in vivo NIRS technique bolsters these muscle 
outcomes.

To conclude, this study supports the possibility that fast-
ing lactate could be utilized as a relatively easily obtained 
and inexpensive biomarker for identifying healthy individ-
uals at early risk for developing metabolic disease(s). Blood 
lactate concentrations could be the first step of “staging” 
metabolic syndrome. This is in anticipation of providing a 
similar staging system such as that used in cancer, which 
would ultimately guide more targeted treatments throughout 
disease progression.
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